This article deals with the data reduction technique using the principal component analysis applied to the carbon fiberreinforced plastic panels for structural health monitoring approaches. Two carbon fiber-reinforced plastic panels subjected to damage and repair coincide with typical aircraft repair procedures found in the aircraft structural repair manual. The panels were simulated with 30 mm diameter of partial and full penetration damages using a diamond-coated router. The data (50 observations) were captured for the undamaged, damaged, and repaired conditions by placing lead zirconate titanate smart sensors at 100 mm across the damaged and repaired structures. A time-based data response was captured for post analysis during the interrogation on the structure at each condition. The raw data were captured in a Lamb waveform, and the interested features were extracted using Morlet wavelet analysis to evaluate the Condition Structural Index and Amplitude-Based Assessment for each condition retrieved from the Gaussian-like distribution. The results were evaluated using the principal component analysis technique in order to distinguish the characteristic of the undamaged, damaged, and repaired conditions. The results showed that in all cases considered, it was possible to distinguish the conditions of undamaged, damaged, and repaired states with promising accuracy and repeatability of the data.
Introduction
At present, the carbon fiber-reinforced plastic (CFRP) materials are replacing aluminum alloys as the primary and secondary structures for newly developed aircraft such as the Boeing 787 and Airbus A350. The use of these advanced composite materials has created challenges in determining the aircraft's structural integrity at pre and post repair situation (Baker et al., 2002) . Aircraft structures or components originated from CFRP are very prone to impact damage. The impact damage is caused by low impact energy to high impact energy, which can lead to cracked or fractured damages (Hsu, 2009) . The nondestructive inspection (NDI) has been effectively used in detecting major surface defects; however, an appropriate technique needs to be chosen and the locations are selectively inspected. The NDI can only be performed when the aircraft is on ground; thus, a real-time monitoring is impossible (KamsuFoguem, 2012). The development of real-time inspection for in situ application in the area of structural health monitoring (SHM) can be classified into few techniques, such as lead zirconate titanate (PZT) sensors by acoustic emission (Mustapha et al., 2012) , fiber Bragg grating (FBG; Majumder et al., 2008) , comparative vacuum monitoring (CVM) (Kousourakis et al., 2008) , strain gages (Kesavan et al., 2003) , and laser ultrasonic propagation (Lee et al., 2011) , which are currently being investigated to supplement the current NDI techniques for the aircraft maintenance. PZT sensor has the ability to actuate and receive surface wave on a structure in either active or passive modes (Worden et al., 2003) . The Lamb wave perturbation from the PZT sensors is being investigated in detecting and locating damage on composite structure. However, the potential use of PZT sensors in assessing at post repair conditions of a structure is still new, and more findings are required to support research in this area.
There are many works on SHM technologies concentrating on damage detection and locating damages for both composite and metallic structures, which is based on damage detection techniques on pristine or undamage structure. However, as the aircraft been delivered, more defects are present due to residual or operational damage. The need to repair the structure is paramount in order to ensure continuation of the aircraft operation, which led to economical causes. The detection of damage to a pristine structure has a higher detectability of the damage. Yet, for a repair structures, the repair area contributed to a new state of structural integrity in which requires monitoring. The objective of this article is to monitor this issue using PZT sensors. A quite number of works are in progress in order to monitor a repaired structure using FBG and comparative vacuum monitoring technologies when compared to PZT sensor application. The research is not limited to a pristine structure but encompasses of boron to aluminum skin patch (Chiu et al., 2000) and titanium to aluminum skin patch (Puthilath and Rose, 2010) . A work on SHM technique based on PZT sensors on different material thickness showed different group velocities and frequency analyses as it passed the simulated profile (Alaimo et al., 2013; Han et al., 2006; Hossein Hosseini and Grabbert, 2013; Sultan et al., 2012) . Compared to PZT sensor application, there are quite numbers of works in monitoring repaired structure using FBG and CVM technologies. These works show the ability of SHM to promote an online and offline monitoring on the structure. In monitoring the damage, the sensors are also being applied to aging aircraft as well as to monitor critical structures in order to prolong the structural airworthiness. Unfortunately, the use of PZT sensors on the repaired structures is still new, and more findings will emerge in the future with respect to the implementation of advanced composite materials in the aerospace structures.
The Lamb wave is a kind of guided wave that can propagate over a long distance on the structure's surface with low attenuation (Kim and Kim, 2001 ). This contributes to peak amplitude to decay rapidly with the distance within the signal envelope (Alleyne and Cawley, 1992) . The raw Lamb wave signals are often complicated because of its intrinsic dispersion of the waves, noise from the sensing system, multimode of wave, and so on. There are many available methods used to process these data such as wavelet transform (Kim and Kim, 2001 ), short-time Fourier transform (STFT; Kuttig et al., 2006) , and Hilbert-Huang transform (Rizzo et al., 2007) . In wavelet transform, the basic function known as mother wavelet plays an essential role by significantly influencing the accuracy and efficiency of the transformation. Any intrinsic features of a Lamb wave signal, such as time of flight or phase difference of a certain wave package in the signal, can be retained in both the frequency and time domains (Grondel et al., 2002) . One of the mother wavelet used to assess the acquired data is using the Morlet wavelets. The advantage of Morlet wavelet is that it can extract features of typical frequency signal such as the phase difference, time of flight, or frequency intensity (He et al., 2011; Li et al., 2009) . In this article, we will skip the explanation on time domain assessment using Morlet wavelet analysis in order to proceed with the next section as it has been included in the studies by Mustapha et al. (2012) and Sultan et al. (2009) .
The advanced statistical analysis is one of the methods applied to assess the behavior of the Lamb waves when it travels at surface irregularities such as the existence of a patch repair and surface imperfections (Mohd Aris et al., 2011b) . Principal component analysis (PCA) is a useful advanced statistical technique that can be seen in many fields such as face recognition, image compression, data mining, and pattern recognition. It was invented by Karl Pearson in 1901 to be used as a tool mainly for in exploratory data analysis and for making predictive models (Mustapha et al., 2005) . PCA is a data reduction technique that expresses a data set in terms of component or combinations of variables that contribute most to the variation in the data. It is used to de-correlate the original data by finding the directions in which variance is maximized and then uses these directions to define the new basis. Further data reduction will obtain the covariance of the sets of measurement and vector of measurement as shown in equation (1) (Mustapha et al., 2012 )
or can be written as below upon decomposition
where the diagonal square matrix is given by ½L and [A] is the unitary matrix. By performing singular value decomposition, the matrix is expressed as
where X is the m 3 p matrix, P is the m 3 s matrix, D is the s 3 s diagonal matrix, and Q# is the s 3 p matrix (Sharma, 1996) . The covariance shows how much two variables change together by calculating the confidence value.
The transformation to principal component is shown below
where f xg is the vector of means for the x-data. Ha and Golinval (2010) investigated the use of PCA to localize the damage of cantilever beam representing a bridge. Pascal et al. (2009) employed the PZT sensors to localize the damage by PCA. Other PCA applications have been shown by Ouyang (2005) to determine the important water quality parameters, whereas Pierre uses accelerometers and microphones to study wave propagation of an engine strut.
This article focuses only on the ability of PCA techniques to determine the conditions of the interested structural health between undamaged, damaged, and repaired states. Due to space limitation, readers are encouraged to refer to Mohd Aris et al. (2011) for the details of the panel preparation process.
Methodology
The methodology is summarized in Figure 1 . Detailed procedures can be retrieved from previous works, as described in the reference.
Two CFRP panels were fabricated using 16 plies of Hexply (R) M10/38%/UD300/CHS/460 mm (Hexcel Corporation, 2005) in a balanced symmetry configuration with the dimension of 300 mm 3 300 mm. Each of the panels was subjected to partial laminated damage and full laminated damage at the middle of the panels. All undamaged and repaired panels were cured using a hot bonder from Heatcon, Inc., HCS 9000B with curing temperature, curing time, heating rate, cooling rate, and vacuum set at 250°F, 120 min, 5°F/min, 5°F/min and 22 inHg, respectively. The arrangement of the materials for the hot bonder curing is shown in Figure 2 .
The damages were simulated by removing the plies partially and thoroughly with a dimension of about 30 mm in diameter using a router, as shown in Figure 3 , in a scarfing manner. The partially removed section was known as partial damaged panel, and the thoroughly removed section was known as full damaged panel. All damages on each of the panels were removed and repaired in accordance with the typical aircraft structural repair manual (SRM; The Boeing Company, Inc., 1996) .The replacement plies were placed by replacing the respective number of removed layers seen from the scarfing with an additional layer as placed as a doubler. Similar curing parameters were set for the secondary curing process for the repaired areas.
The data acquisition was carried out by placing two PZT sensors on the panel within 100 mm apart. The PZT sensors were obtained from APC International selected from the APC-850 family with each size was about 0.5 mm thick 3 10 mm diameter. Once received, all PZT sensors were assessed on their physical dimension and continuity check to detect any fallout. The PZT sensors were adhered using polyethylene tape on the two panels subjected to undamaged, damage, and repaired conditions, as shown in Table 1 .
The setup of the system is shown in Figure 4 . The equipments used are TG1010A wave generator from , and phase= +000°( + 000°). The receiver was connected to the oscilloscope, and further fine tuning needs to be conducted in order to achieve the desired signal. All data acquired were taken from the same panels subjected to the setting conditions. Table 1 shows the arrangement of the studied panels with the location of the PZT sensor placements prior to acquiring the data.
Results
The data (50 observations) were collected during the interrogations for each condition for both types of damages. Due to large amount of data, which were 50 observations by 1024 dimensions for data acquisitions, a representation of each form was depicted for respective conditions. The typical waveform observations of the wavelet analysis at time-based series were reconstructed using SigmaPlot 12.1 software for peak-topeak voltage (V pp ) analysis. Further feature extraction process was used to isolate 150 data points, and the respective damages were overlaid with the simulated conditions for comparison purposes. The first assessment is to take direct result from the voltage output from the waveform
where the V max is the maximum voltage and the V min is the minimum voltage acquired throughout the reading. The letters f and p represent full damaged panel and partial damaged panel, respectively. The data for the three conditions were composed and overlaid, and the behavior or the pitch-catch Lamb waves showed unique signatures for the three conditions studied by referring to the amplitude and the shape of the wave packets. Figure 5 (a) and (b) shows the overlay pattern for each type of damages with respect to the conditions of the panel where the data were acquired. The V pp values for undamaged condition for both panels were identical. However, once the damage has been created, the V pp between the fractures and partial damaged panels indicated a reading of 117 and 81 mV. The value drops were due to surface irregularities and missing plies due to perturbation of the Lamb waves on the surface upon interrogation. Another reading was taken after the repair was cured, and the readings for the fractured and partial damaged panels were found to be 123 and 156 mV, respectively. The findings showed that any disturbance on the surface due to the doubler can influence and reduce V pp values.
A further feature extraction analysis via continuous wavelet analysis (CWA) was applied using Morlet wavelet analysis on the frequency-time-based spectrum. Figure 6 shows a typical frequency-time relationship from the wavelet packet in which an interested feature was selected and extracted. A single signature was retrieved on all panels except the trailing was skewed to the right side and diminishing indicating the direction of the wavelet movement.
Most of the data spectrum distribution indicated the same pattern except for full damaged panel, in which the intensity of the wavelet was lower compared to the other conditions. The main frequency was found to be between 0.2 and 0.3 Hz. The occurrences of the concentrated wavelets were also found between 250 and 300 ns during their time of flight. The findings showed that the total loss of the plies due to fractures has reduced the frequency response to the panel. In addition, the result shows a single frequency concentration, which indicates unique signatures for each condition.
The study of how the energy behavior distribution across the signal frequencies was investigated upon interrogation of the PZT sensors at each condition. The fast Fourier transform (FFT) is used to convert the time domain signals to a frequency spectrum of the conditions studied. During the post processing steps, the calculation of the frequency centroid or known as the Damage Index (DI; Sultan et al., 2011) is shown below
where v i the frequency of the ith spectral line, X i is the spectrum magnitude, and A is the amplitude. In this article, the DI was translated into Condition Structural Index (CSI), and the Amplitude-Based Assessment (ABA) is the maximum amplitude, so as to study the behavior of the Lamb wave upon undamaged, damaged, and repaired panels due to the unique characteristic seen by the CSI and ABA values. The CSI values for each panel were retrieved from the frequency centroid, in which the maximum distribution of the frequency occurred, and the ABA was retrieved from the vertical axis. Figure 7 (a) and (b) shows a typical sample of overlaid pattern of the condition studied for one observation. The typical overlaid conditions for both panels show distinct characteristics between the conditions. The time lag, which is the horizontal characteristic between the states, behaves differently as the full damaged panels tend to have the damage skewed to the right, and upon repair, the main distributions go to the left. It is understood, due to the ply loss, that the time of flight has been delayed. Once the damage has been restored together with the additional plied, the time of flight is likely to reach ahead of the undamaged signature.
Similar verdicts were also attained for the partial damaged panels, in which dissimilar pattern on the time lag was discovered, but since the area of the top ply was smaller and the PZT sensors were placed across the additional top plies, the signature of the time lag behaves differently. A similar observation on the phase difference which for the vertical characteristics. For both phase differences, the distributions for each condition were found to be diverging. The disturbance due to additional plies and the coverage of the sensors were suspected to be the cause of these discoveries. Table 2 shows the data acquired for the CSI and ABA analyses retrieved from equations (6) and (7). The distributions of the data are consistence for each condition. As usual, the undamaged conditions for both full and partial damage panels were close to each other. Once the irregularities on the surface existed, the values retrieved for the CSI and ABA separated. The CSIs for both partial and full damages increased upon interrogation, whereas for the ABA indices, the value of the damage decreased for partial damage and increased for full damage. This might be contributed from the depth and penetration of the surface. For repaired condition, the CSI values for partial and full damages were found to increase. Similarly, the ABA indices for both partial and full damage panels were diverging. In this case, the surface irregularities due to the doubler and the distance restriction of the PZT sensor placements were assumed to contribute to these readings. Although much of the results are still unknown, however, the CSI and ABA indices can be used to indicate surface irregularities due to damage and ply replacements. The data were further processed using PCA, in order to promote more segregation of the data distribution with respect to the conditions studied. Figure 8 (a) and (b) shows the unique grouping of the data distribution for condition identification using the PCA analysis for the undamaged, damaged, and repaired conditions. In partial damage, the repaired panel has a lower distribution compare to the full damage. The damage conditions still present at the lower scale for both panels. However, a diverging result was found on the ABA analysis. Both conditions for each panels show different behaviors, although the plotting of the conditions is well segregated. Figure 9 (a) and (b) illustrates a conclusive PCA result, which shows the grouping of the distribution for both panels with a combination of different analyses by visualizing it onto the first two principal components. The PCA for both CSI and ABA assessment shows distinct grouped distribution for classifying the conditions. Thus, the result shows different behaviors between undamaged and repaired structures. This is important in order to assess the health monitoring between the parent structure and a repaired structure as once the repair area is covered by necessary paint coat, any visual inspection is hardly to determine the actual conditions. The use of PZT sensors has proven to detect the difference in all three conditions. Further assessment in Figure 10 shows that the combinations of all the findings are grouped together and assessed using the PCA method for the condition status. All data from first principal component (PC1) with respect to the conditions were analyzed for the second principal component (PC2). The distribution of the PC1 and PC2 was known as the indication factor (IF), which indicated the distribution of the conditions on both axes. The undamaged, damaged, and repaired conditions reveal that using CSI, a more scattered distribution of data can be seen when compared to ABA in which the data were concentrated within the full and partial damages.
An expectation from these assessments is that the amplitude of the conditions status is much consistence compared to the CSI value. The signals are assumed to experience interference during the time of flight toward the receiving sensors from the actuating sensors. However, the signal strength remains the same throughout the data acquisition phase.
Conclusion
The objective of this article to use pitch-catch wavelet analysis to categorize the condition on the CFRP panels at undamaged, damaged and post repair is achieved by using the PCA. The first two principal components reveal and show that the conditions studied have their unique characteristic. A launching of the PZT sensor signals from the actuating sensors reveals that any disruptions on panel surface due to repair have the effect on the signal received. Phase angle and time of flight are the two features used to examine the structures. A new condition exists on the repaired area, although the damage has been restored and the strength has been returned back to the original. In order to ensure adaptation to level of damage detection on similar structure, a new benchmark has to be set in order to perform the health monitoring. Further work needs to be carried out especially at post repair condition as more type and level of damages exist for CFRP aircraft structures.
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